Phytoene is the frst C40 intermediate in the biogenesis of carotenoids. It is formed by two enzyme activities, catalyzing (i) the coupling of two molecules of geranylgeranyl diphosphate to yield prephytoene diphosphate and (i) the conversion of prephytoene diphosphate into phytoene. We show now, with Capsicum chromoplast stroma, that the overall activity resides in a single protein, which has been purified to homogeneity by affinity chromatography. The monomeric structure and the molecular size (Mr 47,500) were demonstrated by NaDodSO4/PAGE and glycerol gradient centrifugation. Further characterization was achieved by using specific antibodies which allowed immunofractionation and immunoprecipitation of the enzymatic activity from chromoplast stroma. The two reactions followed conventional MichaelisMenten kinetics, with Km values of 0.30 ,.M and 0.27 IAM, respectively, for geranylgeranyl diphosphate and prephytoene diphosphate. The activity of the enzyme depends strictly upon the presence ofMn2. This selectivity may be one of the factors regulating the competition with potentially rival enzymes converting geranylgeranyl diphosphate into other plastid terpenoids. The two enzymatic reactions were inhibited by inorganic pyrophosphate and by the arginine-specific reagent hydroxyphenylglyoxal. In no instance were the two reactions kinetically uncoupled. These properties strongly suggest that the same enzyme catalyzes the two consecutive reactions, and we propose to name it phytoene synthase.
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Carotenoids are required for the normal differentiation and function of plastids. Phytoene, the first C40 intermediate in the carotenoid pathway, is synthesized by a soluble enzymatic complex localized in plastid stroma (1) (2) (3) (4) (5) , by the multistep process outlined in Scheme I. The early steps, for which the individual enzymes were recently isolated and purified (6) , are the isomerization of isopentenyl diphosphate (1) into dimethylallyl diphosphate (2), followed by three prenylations forming successively geranyl diphosphate (3) , farnesyl diphosphate (4), and geranylgeranyl diphosphate (5) . This sequence of reactions is common to all terpenoids, including other plastid terpenoids (chlorophylls, plastoquinones, tocopherols, phylloquinones, and polyterpenes). On the other hand, the next two steps, in which prephytoene diphosphate (6) and phytoene (7) are formed, are catalyzed by the first carotenoid-specific enzymes in the pathway, tentatively termed "geranylgeranyl pyrophosphate geranylgeranyltransferase" and "phytoene synthase" (7) since they have been neither isolated nor characterized previously from any other source (5, 8, 9) . Therefore, the identification of the enzyme components catalyzing these two steps is crucial for our understanding of the molecular mechanism of carotenoid biosynthesis and of its regulation; a particularly interesting 2 The present paper answers this question. We show, with Capsicum chromoplasts, previously selected for studies of carotenogenesis (3, (10) (11) (12) , that a single monomeric protein catalyzes the dimerization of geranylgeranyl diphosphate into prephytoene diphosphate and the conversion ofthe latter into phytoene. Kinetic properties of this homogeneous carotenogenic enzyme are also reported. As the reactions catalyzed by this bifunctional enzyme are tightly coupled, we propose the name "phytoene synthase" to account for the whole activity. (6) . The reaction (1.5-ml final volume) was stopped by the addition of 14 M NH40H (0.1 ml), 0.25 M EDTA (0.1 ml) and ethanol (1 ml). Geranylgeranyl diphosphate was extracted twice with 3 ml of butanol. After evaporation of the organic solvent, labeled geranylgeranyl diphosphate was purified (13) and mixed with a known amount ofunlabeled geranylgeranyl diphosphate.
MATERIALS AND METHODS
Fractionation of Chromoplast Proteins and Affinity Chromatography. Chromoplast stroma isolated from 5 kg of Capsicum annuum fruits (13) was subjected to sequential precip-*To whom reprint requests should be addressed.
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itations with polyethylene glycol 6000 followed by DEAESephacel column chromatography as described (6) . The active fraction from the DEAE-Sephacel column, which includes the component enzymes involved in the synthesis of phytoene from isopentenyl diphosphate (6, 7), was collected and dialyzed overnight with two buffer changes against 50 mM Tris-HCl, pH 7.6/2 mM 2-mercaptoethanol/10%o (vol/vol) glycerol. The dialyzed enzyme preparation was adjusted to 1 mM Mg2+ and applied to an aminophenethyl diphosphateSepharose affinity column (0.8 x 10 cm) equilibrated as described (6) with 50 mM Tris'HCl, pH 7.6/2 mM 2-mercaptoethanol/10% glycerol/1 mM MgCl2 (buffer A). The column was subsequently washed as shown in Fig. 1A After incubation for 20 min at 30°C, the reaction products were analyzed as described (5, 13) . The incorporated radioactivity was normalized to the theoretical ratio of geranylgeranyl diphosphate in phytoene. (ii) During the subsequent steps (DEAE-Sephacel, aminophenethyl diphosphate-Sepharose, Affi-Gel 501 chromatography), the conversion of geranylgeranyl diphosphate to phytoene via prephytoene diphosphate was routinely used as the basis for the assay of enzyme activity. The reaction mixture was 50 mM in Tris-HCl (pH 7.6), 2 mM in MnC12, 2 mM in dithiothreitol, and 2 ,M in [1,5,9- (14) .
Analytical NaDodSO4/PAGE. Gel electrophoresis under dissociating conditions was routinely performed in slab gels prepared as described (6) . Before electrophoresis, protein samples were denatured at 90°C for 2 min in 20 mM Tris HCl (pH 6.8) containing 6% (wt/vol) NaDodSO4, 6% (vol/vol) 2-mercaptoethanol, 1% (wt/vol) dithiothreitol, 0.07% (wt/vol) EDTA, and 10% (wt/vol) sucrose (1.5 ul per 10 ,ug of protein). Gels were stained with Coomassie blue or silver nitrate (15) .
Molecular Weight Determination. Estimation of native molecular weight was attempted by chromatography on a Sephacryl S-200 column (1.5 x 40 cm) equilibrated with 50 mM Tris HCl, pH 7.6/1 mM dithiothreitol/0.3 M NaCl/30% glycerol. The standard protein markers were aldolase (Mr = 158,000), albumin (Mr = 67,000), ovalbumin (Mr = 43,000) anda-chymotrypsinogen (Mr = 25,000). The eluent extinction was recorded at 280 nm for the standard protein markers or by enzymatic assay for phytoene synthase. As an alternative method, we used glycerol density gradient centrifugation (16 Production of Anti-Phytoene Synthase Antibodies. Preimmune IgG and anti-phytoene-synthase IgG were prepared as described (5) except that two additional purification steps involving the use of CM-Affi-Gel Blue (Bio-Rad) and DEAEAffi-Gel Blue (Bio-Rad) were included to eliminate contaminating serum proteases. Fractions containing anti-phytoenesynthase IgG were eluted from these columns according to the instructions provided by the supplier.
Coupling of Antibodies to Hydrazide Beads and Immunoselection of Phytoene Synthase. Anti-phytoene synthase IgG (3 mg) was coupled to hydrazide beads (4 g; Pierce) according to the instruction manual. Before immunoselection, stromal proteins (2 mg) obtained after the polyethylene glycol fractionation and the DEAE-Sephacel column chromatography were rocked for 1 hr in the presence of 10 ml of 20 mM Tris'HCI, pH 7.5/0.5 M NaCl (buffer C) at room temperature with uncoupled hydrazide beads (4 g) to remove materials adsorbing nonspeciflically. This partially purified solution was then added to the antibody-hydrazide beads. After mixing at room temperature for 1 hr in the presence of buffer C, the beads were washed three times (5 min per wash) with buffer C (10 ml) containing 0.05% Tween 20. Finally, phytoene synthase protein specifically bound to the beads was eluted by the addition of 8 M urea (5 ml) containing 2% NaDodSO4. The released protein was dialyzed against 20 mM Tris-HCI (pH 7.6) and concentrated by addition of polyacrylate beads (17) before NaDodSO4/PAGE as described above.
Protein Blot Analysis and Immunoprecipitation. After NaDodSO4/PAGE, separated proteins were transferred electrophoretically from the slab gel to strips of nitrocellulose paper (18) at 400 mA for 90 min at 10°C. The efficiency of transfer was followed by using prestained molecular weight markers (Sigma). After blocking additional binding sites with 3% bovine serum albumin dissolved in buffer C, the nitrocellulose strips were probed with anti-phytoene synthase IgG (1:1000 dilution) at 5°C overnight. The antibody solution was removed and the nitrocellulose paper was washed three times with buffer C containing 0.05% Tween 20 and twice with buffer C (10 min per wash). After this treatment, the antigenantibody complex was visualized according to the "golden blot" procedure (19, 20) using the protein A-gold kit (BioRad).
Immunoprecipitation of phytoene synthase from chromoplast stroma and sedimentation of the resulting precipitates were carried out as described (5) . Phytoene synthase activity in the supernatant was determined with [1-'4C]isopentenyl diphosphate as the assay substrate. The crude supernatant always contains all the enzymes necessary for metabolizing isopentenyl diphosphate.
Biochemistry: Dogbo et al.
RESULTS AND DISCUSSION
Purification of Phytoene Synthase. To purify the enzyme(s) involved in the conversion of geranylgeranyl diphosphate to phytoene via prephytoene diphosphate, the chromoplast proteins obtained after polyethylene glycol fractionation and DEAE-Sephacel column chromatography (6) were applied to the aminophenethyl diphosphate-Sepharose affinity column (Fig. 1 A) . The active fractions were strongly retarded, since they were eluted with the linear (0.5-1.5 M NaCl) gradient. Such tight binding suggested that the diphosphate moiety was involved. This conclusion was confirmed by the inhibitory effect of inorganic pyrophosphate reported below and is reinforced by studies based on the use of a transition-state analog inhibitor of squalene synthetase, which catalyzes a very similar reaction (21) .
At this stage of the purification procedure, 90% of the material visualized by staining with Coomassie blue or silver nitrate was detected in two bands corresponding to Mr 47,500 and 57,000. The active fraction (indicated by the doubleheaded arrow in Fig. 1A ) was pooled and applied to an Affi-Gel 501 column (Fig. 1B) . All the activity involved in the synthesis of phytoene from geranylgeranyl diphosphate or prephytoene diphosphate was eluted as a single peak after addition of 10 mM dithiothreitol to the buffer. NaDodSO4/ PAGE analysis revealed a single polypeptide of M, 47,500 ( Fig. 2A ) even when as much as 50 tkg of protein was analyzed (data not shown). When these active fractions were pooled and applied to a Sephacryl S-200 column, we observed a considerable trailing of the enzymatic activity. Since this trailing, which might be due to the hydrophobicity of the protein, was not suppressed by the inclusion of 0.4% Triton X-100 and 0.06% n-octyl B3-D-glucopyranoside in the buffer, we decided to adopt the glycerol gradient centrifugation method. During centrifugation, the enzymatic activities involved in the synthesis of phytoene from geranylgeranyl diphosphate or prephytoene diphosphate comigrated and gave a single peak corresponding to an apparent sedimentation coefficient of 4 S. NaDodSO4/PAGE again gave a single band at Mr 47,500. A summary of the purification procedure is given in Table 1 . The purified enzyme was kept frozen at -20'C in 50 mM Tris-HCI, pH 7.6/2 mM dithiothreitol/0.3 M NaCI/30%o glycerol for as long as 1 year without loss of activity.
Production and Characterization of Anti-Phytoene Synthase Antibodies. To further check the involvement of the Mr 47,500 protein in the last steps of phytoene synthesis, antibodies against this protein were raised. To test the specificity of the antibodies, several experiments were carried out in parallel. (i) The purified anti-phytoene IgG covalently attached to hydrazide beads was gently rotated for 1 hr in the presence of the crude proteins obtained by DEAE-Sephacel column chromatography. After this treatment, NaDodSO4/PAGE revealed only one polypeptide, of Mr 47,500 (Fig. 2B). (ii) The soluble and membrane-bound proteins of the isolated chromoplasts were separated by NaDodSO4/PAGE and transferred to nitrocellulose paper, which was then incubated with the purified anti-phytoene synthase IgG. A single protein, belonging to the soluble fraction, formed an antigen-antibody complex (Fig. 3) polypeptide (Mr 47,500) corresponded to the position of the purified enzyme, thus confirming previous data on the localization of phytoene synthesis in isolated plastid stroma (3, 5) . (iii) Additional evidence ofthe immunoreactivity ofthe enzyme was obtained by immunoprecipitation of phytoene synthase from the chromoplast stroma. Assay of the supernatant demonstrated the concentration-related removal of phytoene synthase activity by the antibody (Fig. 4) A1 of preimmune IgG were included. The reaction products were isolated by thin-layer chromatography followed by autoradiography (7) . The positions ofphytoene (P), unknown compound (X), geranyllinalool (GL), geranylgeraniol (GGj, and the chromatographic origin (0) are indicated.
of Sn2 + and Zn2 +, the radioactivity incorporated into the total lipid fraction was comparable to that observed iii the presence of Mn2 I; however, during subsequent purificatioth, phytoene was apparently degraded. The preferential involyement ofMn2+ relative to Mg2+ confirms a recent observation on the regulation ofphytoene synthesis in plastid stroma (23) . In this connection, it may be interesting to refer to earlier studies with crude enzymatic preparations where a similar conclusion had been reached (24, 25) . When considering the role of Mn2 , note that this requirement is a property shared by dehydrosqualene synthetase (26, 27) , which catalyzes the synthesis of the C30 homolog of phytoene (diapophytoene), detected in bacteria producing C30 carotenoids (diapocarotenoids) (28) . In addition, this absolute specificity for Mn2+ is an intrinsic property of phytoene synthase, since Mg2 + could (26, 27, (29) (30) (31) .
Paralleling this observation was the fact that when phytoene synthase was incubated with labeled geranylgeranyl diphosphate, 2 mM NADPH, and 5, 10, or 20 mM Mg2+, we noted no radioactivity in hydrocarbon products homologous to squalene (i.e., dihydrophytoene).
Inorganic pyrophosphate is a potential inhibitor of enzymes involved in the biosynthesis of terpenoids (2, 32, 33) . The addition of 500 ,uM inorganic pyrophosphate to the standard incubation medium resulted in a 98% loss of activity. This result, along with the observation that phytoene synthase has a strong affinity for the aminophenethyl diphosphate-Sepharose column, suggests that the diphosphate moiety of geranylgeranyl diphosphate and prephytoene diphosphate plays a pivotal role in the binding of the substrate to the active site. Additional evidence for this interpretation is that preincubation of the enzyme with 10 mM hydroxyphenylglyoxal, for 5 min at 30°C before incubation with geranylgeranyl diphosphate, led to 70%o inhibition of activity. This result suggests the presence ofan essential arginine residue(s) (34) that may be involved in the binding of the prenyl diphosphate substrate.
These results, along with those described for geranylgeranyl diphosphate synthase (6) , extend the number of multicatalytic enzymes known to be involved in the biogenesis of sterols (29, 31) and plastid terpenoids. This mechanism greatly reduces the time (35) required for the substrate to diffuse from one catalytic site to another. One may postulate that this entropically economical mechanism (36) has probably been favored by selective pressure for better cellular function.
